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            Abstract
The treatment of emissions from natural gas engines is an important area of research since methane is a potent greenhouse gas. The benchmark catalysts, based on Pd, still face challenges such as water poisoning and long-term stability. Here we report an approach for catalyst synthesis that relies on the trapping of metal single atoms on the support surface, in thermally stable form, to modify the nature of further deposited metal/metal oxide. By anchoring Pt ions on a catalyst support we can tailor the morphology of the deposited phase. In particular, two-dimensional (2D) rafts of PdOx are formed, resulting in higher reaction rates and improved water tolerance during methane oxidation. The results show that modifying the support by trapping single atoms could provide an important addition to the toolkit of catalyst designers for controlling the nucleation and growth of metal and metal oxide clusters in heterogeneous catalysts.
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                    Fig. 1: Scanning transmission electron microscope images of 2D rafts of Pt on Pt@CeO2.[image: ]


Fig. 2: CO oxidation reactivity and energetics of Pt 2D rafts deposited on the engineered catalyst support.[image: ]


Fig. 3: Methane oxidation reactivity of Pd-based catalysts with and without added water vapour.[image: ]


Fig. 4: AC–STEM images of atom-trapped 2Pt@CeO2 and 1Pd deposited on atom-trapped 2Pt@CeO2 (1Pd/2Pt@CeO2).[image: ]


Fig. 5: XAS spectra of 1Pd/2Pt@CeO2 sample.[image: ]


Fig. 6: XPS spectra of 1Pd/2Pt@CeO2 and (1Pd + 2Pt)/CeO2 catalysts.[image: ]


Fig. 7: DFT simulations of methane oxidation and water dissociation over metal Pd and Pd oxides.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Heat flows enrich prebiotic building blocks and enhance their reactivity
                                        
                                    

                                    
                                        Article
                                         Open access
                                         03 April 2024
                                    

                                

                                Thomas Matreux, Paula Aikkila, … Christof B. Mast

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Interchain-expanded extra-large-pore zeolites
                                        
                                    

                                    
                                        Article
                                        
                                         27 March 2024
                                    

                                

                                Zihao Rei Gao, Huajian Yu, … Miguel A. Camblor

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        An air- and moisture-stable ruthenium precatalyst for diverse reactivity
                                        
                                    

                                    
                                        Article
                                         Open access
                                         03 April 2024
                                    

                                

                                Gillian McArthur, Jamie H. Docherty, … Igor Larrosa

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The data that support the findings of this study are included in the published article (and its Supplementary Information) or available from the corresponding author on reasonable request. Source data are provided with this paper.

            

References
	Munnik, P., de Jongh, P. E. & de Jong, K. P. Recent developments in the synthesis of supported catalysts. Chem. Rev. 115, 6687–6718 (2015).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Wong, A., Liu, Q., Griffin, S., Nicholls, A. & Regalbuto, J. R. Synthesis of ultrasmall, homogeneously alloyed, bimetallic nanoparticles on silica supports. Science 358, 1427–1430 (2017).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bradley, S. A. et al. Behavior of Pt atoms on oxide supports during reduction treatments at elevated temperatures, characterized by aberration corrected stem imaging. Catal. Lett. 142, 176–182 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Kwak, J. H. et al. Coordinatively unsaturated Al3+ centers as binding sites for active catalyst phases of platinum on γ-Al2O3. Science 325, 1670–1673 (2009).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Ding, K. et al. Identification of active sites in CO oxidation and water-gas shift over supported Pt catalysts. Science 350, 189–192 (2015).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bo, Z. et al. Strong electrostatic adsorption of Pt onto SiO2 partially overcoated Al2O3—towards single atom catalysts. J. Chem. Phys. 151, 214703 (2019).
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Liu, L. & Corma, A. Metal catalysts for heterogeneous catalysis: from single atoms to nanoclusters and nanoparticles. Chem. Rev. 118, 4981–5079 (2018).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Yao, S. et al. Atomic-layered Au clusters on α-MoC as catalysts for the low-temperature water-gas shift reaction. Science 357, 389–393 (2017).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Chen, A. et al. Structure of the catalytically active copper–ceria interfacial perimeter. Nat. Catal. 2, 334–341 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Lu, J., Elam, J. W. & Stair, P. C. Synthesis and stabilization of supported metal catalysts by atomic layer deposition. Acc. Chem. Res. 46, 1806–1815 (2013).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Petrov, A. W. et al. Stable complete methane oxidation over palladium based zeolite catalysts. Nat. Commun. 9, 2545 (2018).
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Petrov, A. W., Ferri, D., Kröcher, O. & van Bokhoven, J. A. Design of stable palladium-based zeolite catalysts for complete methane oxidation by postsynthesis zeolite modification. ACS Catal. 9, 2303–2312 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Descorme, C., Gélin, P., Lécuyer, C. & Primet, M. Palladium-exchanged MFI-type zeolites in the catalytic reduction of nitrogen monoxide by methane. influence of the Si/Al ratio on the activity and the hydrothermal stability. Appl. Catal. B: Env. 13, 185–195 (1997).
Article 
    CAS 
    
                    Google Scholar 
                

	Li, X., Wang, X., Roy, K., van Bokhoven, J. A. & Artiglia, L. Role of water on the structure of palladium for complete oxidation of methane. ACS Catal. 10, 5783–5792 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Huang, W., Goodman, E. D., Losch, P. & Cargnello, M. Deconvoluting transient water effects on the activity of Pd methane combustion catalysts. Ind. Eng. Chem. Res. 57, 10261–10268 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Zhang, F., Hakanoglu, C., Hinojosa, J. A. & Weaver, J. F. Inhibition of methane adsorption on PdO(101) by water and molecular oxygen. Surf. Sci. 617, 249–255 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Xiong, H. et al. Design considerations for low-temperature hydrocarbon oxidation reactions on Pd based catalysts. Appl. Catal. B: Env. 236, 436–444 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Karinshak, K. A., Lott, P., Harold, M. P. & Deutschmann, O. In situ activation of bimetallic Pd–Pt methane oxidation catalysts. Chem. Cat. Chem. 12, 3712–3720 (2020).
CAS 
    
                    Google Scholar 
                

	Lott, P., Dolcet, P., Casapu, M., Grunwaldt, J.-D. & Deutschmann, O. The effect of prereduction on the performance of Pd/Al2O3 and Pd/CeO2 catalysts during methane oxidation. Ind. Eng. Chem. Res. 58, 12561–12570 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Hellman, A. et al. The active phase of palladium during methane oxidation. J. Phys. Chem. Lett. 3, 678–682 (2012).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Martin, N. M. et al. Intrinsic ligand effect governing the catalytic activity of Pd oxide thin films. ACS Catal. 4, 3330–3334 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Duan, H. et al. Pentacoordinated Al3+-stabilized active Pd structures on Al2O3-coated palladium catalysts for methane combustion. Angew. Chem. Int. Ed. 58, 12043–12048 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Graham, G. W. et al. Effect of alloy composition on dispersion stability and catalytic activity for NO oxidation over alumina-supported Pt–Pd catalysts. Catal. Lett. 116, 1–8 (2007).
Article 
    CAS 
    
                    Google Scholar 
                

	Yashnik, S. A., Chesalov, Y. A., Ishchenko, A. V., Kaichev, V. V. & Ismagilov, Z. R. Effect of Pt addition on sulfur dioxide and water vapor tolerance of Pd-Mn-hexaaluminate catalysts for high-temperature oxidation of methane. Appl. Catal. B: Env. 204, 89–106 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Datye, A. & Wang, Y. Atom trapping: a novel approach to generate thermally stable and regenerable single-atom catalysts. Nat. Sci. Rev. 5, 630–632 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Jones, J. et al. Thermally stable single-atom platinum-on-ceria catalysts via atom trapping. Science 353, 150–154 (2016).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Wei, S. et al. Direct observation of noble metal nanoparticles transforming to thermally stable single atoms. Nat. Nanotechnol. 13, 856–861 (2018).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Goodman, E. D. et al. Catalyst deactivation via decomposition into single atoms and the role of metal loading. Nat. Catal. 2, 748–755 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Jiang, D., Khivantsev, K. & Wang, Y. Low-temperature methane oxidation for efficient emission control in natural gas vehicles: Pd and beyond. ACS Catal. 10, 14304–14314 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Kunwar, D. et al. Stabilizing high metal loadings of thermally stable platinum single atoms on an industrial catalyst support. ACS Catal. 9, 3978–3990 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Pereira-Hernández, X. I. et al. Tuning Pt-CeO2 interactions by high-temperature vapor-phase synthesis for improved reducibility of lattice oxygen. Nat. Commun. 10, 1358 (2019).
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Wang, H. et al. Surpassing the single-atom catalytic activity limit through paired Pt-O-Pt ensemble built from isolated Pt1 atoms. Nat. Commun. 10, 3808 (2019).
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Dvořák, F. et al. Creating single-atom Pt-ceria catalysts by surface step decoration. Nat. Commun. 7, 10801 (2016).
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Farrauto, R. J. Low-temperature oxidation of methane. Science 337, 659–660 (2012).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Nie, L. et al. Activation of surface lattice oxygen in single-atom Pt/CeO2 for low-temperature CO oxidation. Science 358, 1419–1423 (2017).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Bugaev, A. L. et al. In situ formation of surface and bulk oxides in small palladium nanoparticles. Chem. Commun. 56, 13097–13100 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Glatter, O. The interpretation of real-space information from small-angle scattering experiments. J. Appl. Crystallogr. 12, 166–175 (1979).
Article 
    CAS 
    
                    Google Scholar 
                

	Spezzati, G. et al. Atomically dispersed Pd-O species on CeO2 (111) as highly active sites for low-temperature CO oxidation. ACS Catal. 7, 6887–6891 (2017).
Article 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Xu, J. et al. Operando and kinetic study of low-temperature, lean-burn methane combustion over a Pd/γ-Al2O3 catalyst. ACS Catal. 2, 261–269 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Yang, J. et al. A hydrothermally stable irreducible oxide-modified Pd/MgAl2O4 catalyst for methane combustion. Angew. Chem. Int. Ed. 59, 18522–18526 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Ravel, B. & Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-ray absorption spectroscopy using IFEFFIT. J. Synchrotron Radiat. 12, 537–541 (2005).
Article 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Calvin, S. et al. Determination of crystallite size in a magnetic nanocomposite using extended X-ray absorption fine structure. J. Appl. Phys. 94, 778–783 (2003).
Article 
    CAS 
    
                    Google Scholar 
                

	Lampert, J. K., Kazi, M. S. & Farrauto, R. J. Palladium catalyst performance for methane emissions abatement from lean burn natural gas vehicles. Appl. Catal. B: Env. 14, 211–223 (1997).
Article 
    CAS 
    
                    Google Scholar 
                

	Gélin, P. & Primet, M. Complete oxidation of methane at low temperature over noble metal based catalysts: a review. Appl. Catal. B: Env. 39, 1–37 (2002).
Article 
    
                    Google Scholar 
                

	Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).
Article 
    CAS 
    
                    Google Scholar 
                

	Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758–1775 (1999).
Article 
    CAS 
    
                    Google Scholar 
                

	Huang, M. & Fabris, S. CO adsorption and oxidation on ceria surfaces from DFT+U calculations. J. Phys. Chem. C 112, 8643–8648 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Perdew, J. P. et al. Atoms, molecules, solids, and surfaces: applications of the generalized gradient approximation for exchange and correlation. Phys. Rev. B 46, 6671–6687 (1992).
Article 
    CAS 
    
                    Google Scholar 
                

	Henkelman, G., Uberuaga, B. P., Jónsson, H. & Climbing, A. Image nudged elastic band method for finding saddle points and minimum energy paths. J. Chem. Phys. 113, 9901–9904 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Henkelman, G. & Jónsson, H. Improved tangent estimate in the nudged elastic band method for finding minimum energy paths and saddle points. J. Chem. Phys. 113, 9978–9985 (2000).
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
The catalyst synthesis and characterization via transmission electron microscopy (TEM) and DRIFTS was partly supported by DOE/BES Catalysis Science program, grant no. DE-FG02-05ER15712. Reactivity measurements were supported by the US Department of Energy (DOE) Office of Energy Efficiency and Renewable Energy under the Advanced Manufacturing Office, award number DE-LC 000L059 and from the Vehicle Technologies Office. H.X. acknowledges support from the National High-Level Young Talents programme and National Natural Science Foundation of China (grant nos. 22072118 and 2212100020). The computational work on catalysis was supported by the National Natural Science Foundation of China (grant nos. 21673040 and 21973013) and Air Force Office of Scientific Research (grant no. FA9550-18-1-0413). S.S.C. acknowledges support from the Center for Integrated Nanotechnologies (CINT), a user facility operated for the US DOE Office of Science where some of the characterization was performed. J.H. thanks National Natural Science Foundation of China (grant nos. 51772262, U20A20336 and 21935009), Natural Science Foundation of Hebei Province (grant no. B2020203037) and the Hunan Innovation Team (grant no. 2018RS3091) for financial support of this research. The characterization via XAS was supported by the National Science Foundation under Cooperative Agreement no. EEC-1647722 (CISTAR). Use of the Advanced Photon Source was supported by the US DOE Office of Basic Energy Sciences under contract no. DE-AC02-06CH11357. MRCAT operations, beamline 10-BM and 10-ID, are supported by the DOE and the MRCAT member institutions. We thank A. Genc, H. Pham and F. Shi for assistance with the TEM measurements that were performed, in part, at Thermo Fisher and at the University of Illinois at Chicago, Research Resources Center, Electron Microscopy Core. K.L. and S.S.C. acknowledge support from Sandia National Laboratories, a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell International, Inc., for the US DOE’s National Nuclear Security Administration under contract no. DE-NA0003525. This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in the document do not necessarily represent the views of the US DOE or the United States Government.


Author information
Author notes	These authors contributed equally: Haifeng Xiong, Deepak Kunwar, Dong Jiang.


Authors and Affiliations
	State Key Laboratory of Physical Chemistry of Solid Surfaces, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, China
Haifeng Xiong, Hengyu Li & Congcong Du

	Department of Chemical and Biological Engineering and Center for Micro-Engineered Materials, University of New Mexico, Albuquerque, NM, USA
Deepak Kunwar, Griffin Canning & Abhaya K. Datye

	The Gene & Linda Voiland School of Chemical Engineering and Bioengineering, Washington State University, Pullman, WA, USA
Dong Jiang, Carlos E. García-Vargas, Xavier Isidro Pereira-Hernandez & Yong Wang

	State Key Laboratory of Photocatalysis on Energy and Environment, College of Chemistry, Fuzhou University, Fuzhou, China
Qiang Wan & Sen Lin

	Davidson School of Chemical Engineering, Purdue University, West Lafayette, IN, USA
Stephen C. Purdy & Jeffrey T. Miller

	Sandia National Laboratories, Albuquerque, NM, USA
Kevin Leung & Stanley S. Chou

	ION-TOF GmbH, Münster, Germany
Hidde H. Brongersma

	Tascon GmbH, Münster, Germany
Rik ter Veen

	Clean Nano Energy Center, State Key Laboratory of Metastable Materials Science and Technology, Yanshan University, Qinhuangdao, China
Jianyu Huang

	Department of Chemistry and Chemical Biology, University of New Mexico, Albuquerque, NM, USA
Hua Guo

	Institute for Integrated Catalysis, Pacific Northwest National Laboratory, Richland, WA, USA
Yong Wang


Authors	Haifeng XiongView author publications
You can also search for this author in
                        PubMed Google Scholar



	Deepak KunwarView author publications
You can also search for this author in
                        PubMed Google Scholar



	Dong JiangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Carlos E. García-VargasView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hengyu LiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Congcong DuView author publications
You can also search for this author in
                        PubMed Google Scholar



	Griffin CanningView author publications
You can also search for this author in
                        PubMed Google Scholar



	Xavier Isidro Pereira-HernandezView author publications
You can also search for this author in
                        PubMed Google Scholar



	Qiang WanView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sen LinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stephen C. PurdyView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jeffrey T. MillerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kevin LeungView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stanley S. ChouView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hidde H. BrongersmaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rik ter VeenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jianyu HuangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hua GuoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Yong WangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Abhaya K. DatyeView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
S.S.C., H.X., Y.W., H.G. and A.K.D. conceived and planned the research. H.X., D.K., D.J. and H.L. synthesized the catalysts and performed catalyst characterization. DFT computations and analysis were performed by Q.W., S.L., H.G. and K.L. LEIS measurements were done by H.H.B. and R.V. H.X., D.K., C.D., J.H. and G.C. performed the TEM measurements. C.E.G.-V. and X.I.P.-H. did the DRIFTS measurements. S.C.P. and J.T.M. performed the XAS measurements. H.L. and D.J. measured the reactivity. H.X., H.G., Y.W. and A.K.D. wrote the paper. All authors discussed the results and commented on the paper.
Corresponding authors
Correspondence to
                Haifeng Xiong, Hua Guo, Yong Wang or Abhaya K. Datye.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Peer review information Nature Catalysis thanks Hyunjoo Lee and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Supplementary information

Supplementary Information
Supplementary Methods, Figs. 1–19, Tables 1–13 and References.


Supplementary Data
Pd model.


Supplementary Data
PdO raft model.


Supplementary Data
PdO particle model.


Supplementary Data 1
SourceData_for_all_XPS.


Supplementary Data 2
SourceData_Fig. S6.


Supplementary Data 3
SourceData_Fig. S7.


Supplementary Data 4
SourceData_Fig. S8.





Source data
Source Data Fig. 3
SourceData_Fig. 3.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Xiong, H., Kunwar, D., Jiang, D. et al. Engineering catalyst supports to stabilize PdOx two-dimensional rafts for water-tolerant methane oxidation.
                    Nat Catal 4, 830–839 (2021). https://doi.org/10.1038/s41929-021-00680-4
Download citation
	Received: 22 November 2020

	Accepted: 27 August 2021

	Published: 18 October 2021

	Issue Date: October 2021

	DOI: https://doi.org/10.1038/s41929-021-00680-4


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Generating active metal/oxide reverse interfaces through coordinated migration of single atoms
                                    
                                

                            
                                
                                    	Lina Zhang
	Shaolong Wan
	Haifeng Xiong


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Identification of Active Phase for Complete Oxidation of Methane on Palladium Surface
                                    
                                

                            
                                
                                    	Shucheng Shi
	Yong Han
	Zhi Liu


                                
                                Topics in Catalysis (2024)

                            
	
                            
                                
                                    
                                        Designing main-group catalysts for low-temperature methane combustion by ozone
                                    
                                

                            
                                
                                    	Shunsaku Yasumura
	Kenichiro Saita
	Ken-ichi Shimizu


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Dynamic and reversible transformations of subnanometre-sized palladium on ceria for efficient methane removal
                                    
                                

                            
                                
                                    	Dong Jiang
	Gang Wan
	Yong Wang


                                
                                Nature Catalysis (2023)

                            
	
                            
                                
                                    
                                        Catalytic methane removal to mitigate its environmental effect
                                    
                                

                            
                                
                                    	Chao Wang
	Youxun Xu
	Junwang Tang


                                
                                Science China Chemistry (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Our publishing models
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Catalysis (Nat Catal)
                
                
    
    
        ISSN 2520-1158 (online)
    
    


                
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
